I. INTRODUCTION
About 92% of the atoms in the universe are hydrogen atoms, so that the chemistry of the interstellar medium (ISM) is dominated by its amount under various molecular forms and charge states. It is thus enlightening to briefly review a few of them. The H 2 molecule is the most abundant component of the interstellar gas. It is constantly ionized by cosmic rays to produce strongly bound H + 2 ions which rapidly reacts with H 2 to produce H + 3 [1] . While much smaller than the H 2 one, the steady-state concentration of H + 3 ion is the largest of all molecular species in the ISM. The H 2 molecule has a proton affinity of about 4.5 eV [2] smaller than the one of most molecules, so that H + 3 represents a very efficient proton donor inducing then a rich chemistry. The simplest negative ion H − is thought to be present in noticeable amounts in the ISM, but it has not been detected yet despite huge observational efforts [3] . The H − 2 anion is known to be unstable, and exists only as a resonance induced by high rotational states in H 2 [5] . The neutral H 3 molecule has no bound level as it exhibits a purely repulsive potential energy surface in its ground state [6] .
While the H + 3 ion is often presented as the simplest triatomic molecule, it is interesting to recall that the H − 3 anion exists as well, while its detailed structure has not been characterized yet by spectroscopy. This ion has been observed in a discharge plasma experiment [7] and in sputtering experiments [8] using mass spectrometry, together with various isotopic compounds. In a previous study [9] (hereafter referred to as paper I) we theoretically investigated the structure of the electronic ground state H − 3 anion, including its PES and its permanent dipole moment surface (PDMS). Following previous studies of the same type [10] , we confirmed that this ion is bound due to long-range polarization forces induced by the interaction of the quadrupole moment of H 2 with the charge of H − . For this reason it is often referred to as a van der Waals molecule. We determined the energy of the rovibrational bound levels of its electronic ground state, the deepest one being bound by about 71 cm −1 with respect to the H − +H 2 (v d = 0, j d = 0) dissociation limit. In a further study [11] (hereafter referred to as paper II) we explored the formation of the H Besides, the interest for the study of low-energy chemical reaction between negative ions and neutral systems is currently increasing [12] with the development of multipole radiofrequency traps for ions [13] combined with buffer-gas-cooling and laser-cooling techniques [14] . In this respect, the elastic, inelastic, and reactive collisions between H − and H 2 and between their various isotopologues (D − , HD, D 2 ) represent prototype processes for such fundamental systems, which have been extensively studied both experimentally (see for instance
Refs. [15] , [12] , paper I, and references therein) and theoretically (see for instance Refs. [16] [17] [18] [19] , paper I, and references therein). Heteronuclear systems like H 2 +D − and HD+H − are particularly relevant as they allow the detection of reactive processes involving the exchange of one H and one D atom. To our knowledge, besides our study of paper II, there is only one other theoretical work devoted to the dynamics of the bound H 2 D − van der Waals system, namely its prereaction induced by a photonic excitation [17] of resonances lying within the electronic ground state. Multiple rf traps would be the perfect tool to study the formation of such triatomic anions through radiative processes and their level structure: indeed the temperature of the trap can nowadays be controlled and varied with a good precision while the trapped ions can be kept inside the trap for hours [13, 20] , allowing for a long observation ideal for low rate processes like radiative association.
To guide such prospected experimental studies, it is highly desirable to theoretically investigate the level structure of this family of triatomic anions, taking advantage of the new ground state potential energy surface determined in paper I. The present paper is devoted to the characterization of the stable levels and the prereacting resonances of H be used throughout the paper except otherwise stated.
II. THE SVD FORMULATION OF THE SCHRÖDINGER EQUATION
The system of Smith-Whitten hyperspherical collective coordinates [21] is a well-known convenient starting point to write the Schrödinger equation for a triatomic system composed of three particles with masses m i (i =1,2,3) with total mass M and reduced mass µ:
The hyper-radius ρ and the hyperangles θ and φ are related to the three relative internuclear distances r i (i =1,2,3) according to
where
and ǫ 3 = 0. The main steps of our approach are discussed in detail in several publications [9, 22, 23] and are briefly recalled below. It relies on the adiabatic separation between hyper-radius and hyperangles combined to the slow variable discretization (SVD) method [22] [23] [24] which allows for an easy treatment of non-adiabatic couplings between hyperspherical adiabatic channels. Assuming a total angular momentum J = 0, the eigenfunctions Ψ = ρ −5/2 ψ with energy E of the three-particle system mutually interacting through a potential V depending only on the three internuclear distances are obtained by solving the Schrödinger equation expressed in the center-of-mass frame [21]
The operator Λ 0 above is the grand angular momentum [21, 25] 
The function ϕ a,j (θ, φ) is the hyperangular wave function at ρ j for a-th eigenvalue U a (ρ j ), and is expanded over a set of B-splines h κ (φ) and g λ (θ) [26] [27] [28] 
The members of the collection of U a (ρ j ) values (with 1 ≤ a ≤ N c , N c being the number of channels included in the calculation) are called adiabatic hyperspherical potentials. The total vibrational eigenfunction ψ(ρ, θ, φ) is written as an expansion over the basis functions y a,j (ρ, θ, φ) with unknown coefficients c a,j (ρ):
The basis functions y a,j (ρ, θ, φ) are constructed as products of ϕ a,j (θ, φ) with plane wave functions π j (ρ) representing a set of orthogonal and normalized basis functions localized at DVR grid points ρ j :
Inserting the expansion of Eq.9 in Eq.6 leads to a set of coupled differential equations for the coefficients c a,j associated to the eigenvalue E
where the overlap matrix elements O a ′ j,aj are defined as
where the brackets denote integration over hyperangles θ, φ.
The main advantage of the SVD method [22, 23] is that these matrix elements account for the non-adiabatic couplings between the hyperspherical channels through the matrix elements of Eq. 12, avoiding to consider the derivatives of adiabatic states with respect to ρ and therefore greatly simplifying the numerical solution of the equation. In fact, the SVD method is similar in spirit to the diabatic-by-sector method by Launay and co-workers (see for instance Ref. [29] ). In both methods, at each hyper-radius ρ, an adiabatic ϕ a,j (θ, φ) basis is calculated. In the diabatic-by-sector method, a Numerov-type propagation procedure is implemented over each ρ sector using this locally-adapted adiabatic basis. In the SVD approach, the locally-adapted adiabatic basis is directly used to construct the global Hamiltonian matrix, which is then diagonalized, resulting into a relatively small-sized Hamiltonian matrix.
In order to adapt the DVR of ρ to the local oscillation frequency of the hyperradial coefficients c ja (ρ) and to minimize the number of DVR grid points, we use a mapping procedure ρ = ρ(x) of the hyperradius coordinate by a new coordinate x [30] . The grid steps ∆ρ and ∆x in ρ and x are linked by the jacobian (x) of this change of variable
Equation 11 is then rewritten as
where the transformed adiabatic potentialsŨ a (ρ(x)) depend on the derivatives  ′ and 
′′
with respect to xŨ
The coefficientsc j ′ a ′ = √ c j ′ a ′ correspond to the definition of a scaled wave functioñ ψ(ρ, θ, φ) = √ ψ(ρ, θ, φ) normalized to 1 in the x coordinate. In practice, the mapping function ρ(x) is estimated from the local de Broglie wavelength, which is given from the local kinetic energy E kin (ρ) so that
where the parameter β ≤ 1 allows for checking convergence of the results against the size of the grid.
Eq.14 is a generalized eigenvalue problem of dimension (
eigenvalues E eigenvectorsc. It is solved using standard numerical procedures taken from LAPACK and ARPACK libraries [31] .
Resonant states and their non-radiative lifetime are obtained using a complex absorbing potential (CAP) which simulates an infinite hyperradial grid (see Refs. [32, 33] ). The CAP is placed at the end of the hyperradial grid and absorbs the outgoing dissociation flux of decaying resonant states. The same CAP is used for adiabatic hyperspherical potentials i.e.
. The resulting Hamiltonian is now non-Hermitian and its complex eigenenergies are expressed as E = E r − iΥ/2 where E r is the energy position of the resonance and Υ is the resonance width. Following Ref. [32] and the study of Blandon et al. [23] about resonances in three-body systems, we used the quadratic form
where L is the damping length and A 2 the magnitude of the CAP, and ρ max the upper bound of the hyperradial grid.
The parameters of the CAP (L = 12 a.u., A 2 = 0.0046 a.u.) are adjusted in order to minimize the sum of the reflection and transmission coefficients of the wave functions according to the general recommendations of Ref. [32] . We should recall that solving Eq.14 delivers 
III. THE PREREACTING RESONANCES OF THE H
In the remaining part of the paper we use the ground state potential energy surface (PES) determined in paper I with the coupled-electron pair approximation (CEPA-2) method [10] included in the MOLPRO package [34] . Jacobi coordinates have been used to build a grid of 3024 geometries: r ∈ [0.8; 2.4] is the distance between a give pair of nuclei, R ∈ [1.9995; 56.4227] is the distance from the center of mass of the pair to the third nucleus, and γ ∈ [0; 2π] is the angle between vectors − → R and − → r . The ground state PES is generated at arbitrary points using an interpolation routine applied to the ab initio calculation and an analytical extrapolation at short and large distances. The asymptotic energy of this PES at infinite separation between H 2 (r e = 1.403a.u.) and H − is D as = −1.701683a.u.
with respect to the origin taken when all particles are infinitely separated. The PES has a van der Waals minimum for the collinear geometry at r = 1.421 a.u. and R = 6.069 a.u.
with a well of depth 401 cm −1 (with respect to D as ). There is also a barrier for nuclei exchange with a minimum height of E h =3641 cm −1 (above D as ) for collinear geometry at r H−H = r H−H − = 1.996 a.u.. The nuclear dynamics is solved in the centre-of-mass frame assuming J = 0. We have used equal masses m H = 1837.3621 a.u. for all three atoms in the H − 3 molecule, i.e. the sum of the hydrogen mass and one third of electron mass as required by the hyperspherical approach.
In the hyperspherical treatment ρ varies in the interval [0, ρ max ) = 120.42. The vibrational and resonant states are characterized according to one of the irreducible representations
′ or E ′′ of the molecular symmetry group D 3h . In case of J = 0, the calculation can be performed in C 3v symmetry subgroup for H An example is displayed in the enlarged view of Fig.1(a) with the limits
However the large computed lifetimes suggest that the interaction is probably small which is not surprising given the huge difference in the rotation quantum number of the dimer. Due to the expected large permanent dipole moment, these resonances could be excited once H − 3 is created and trapped, so that they could be excited although their energy is not easily accessible with currently available lasers. Selection rules are the same than for the radiative association process discussed in paper II. For comparison, we also report in Fig.1(b) the curves for D . The upper bound of the hyper-radius grid is fixed at 106.9 a.u. and We first report in Table II For completeness we display in Table III 
This work [10] This work [10] 0 to implement the calculation of energy levels and widths in the body-fixed frame of the trimer for states with total angular momentum J = 0 using the hyperspherical coordinates.
We extended the preliminary study of Ref. [23] for three-body resonances to the realistic case of the family of the simplest triatomic negative ions. The present results contribute to their improved knowledge in the perspective of the search for its possible presence in astrophysical environments [11] , in the context of the recent discovery of stable molecular anions in the interstellar medium [35, 36] . ion and the neutral dimer, dominated by the charge-quadrupole interaction varying as R −3 .
The rotational structure of these levels v t , reflecting the mechanical rotation of the negative ion and the dimer, can readily be estimated considering the position of the minima of the hyperspherical adiabatic curves around 8 a.u. for the bound levels, and around 10 a.u. for the resonances. Assuming that ρ ≈ R and considering the reduced mass µ Jacobi of the iondimer system, the resulting rotational constant B e = 1/(2µ Jacobi R 2 ) is found in the range of 1 cm −1 for H − 3 down to 0.4 cm −1 for the heavy isotopologues. This value is well below the typical energy spacing between two of such vibrational levels v t . It is worthwhile to recall that imposing J = 0 in these kinds of calculations involving hyperspherical coordinates imposes that the orbital angular momentum ℓ between the negative ion and the dimer [15] . First the energy resolution was such that only patterns associated to the internal state of the fragment dimer were characterized, either its vibrational state [15] or its rotational state [37] . Furthermore these experiments have been performed for collision energies higher than the predicted potential barrier so that reactive processes are likely to dominate the dynamics.
In order to check the present results, high-resolution scattering experiments are desirable, which could be achieved soon using multipole traps for cold ions. Moreover the present calculations should be extended to non-zero total angular momentum (see for instance Ref. [38] ) in order to compute total cross sections including all relevant partial waves, to predict the actual contribution of such resonances. 
